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Recent studies have demonstrated that themajority of endog-
enous cannabinoid type 1 (CB1) receptors do not reach the cell
surface but are instead associated with endosomal and lyso-
somal compartments. Using calcium imaging and intracellular
microinjection in CB1 receptor-transfected HEK293 cells and
NG108-15 neuroblastoma � glioma cells, we provide evidence
that anandamide acting onCB1 receptors increases intracellular
calcium concentration when administered intracellularly but
not extracellularly. The calcium-mobilizing effect of intracellu-
lar anandamide was dose-dependent and abolished by pretreat-
ment with SR141716A, a CB1 receptor antagonist. The anand-
amide-induced calcium increase was reduced by blocking
nicotinic acid-adenine dinucleotide phosphate- or inositol
1,4,5-trisphosphate-dependent calcium release and abolished
when both lysosomal and endoplasmic reticulum calcium
release pathwayswere blocked.Taken together, our results indi-
cate that, in CB1 receptor-transfected HEK293 cells, intracellu-
lar CB1 receptors are functional; they are located in acid-filled
calcium stores (endolysosomes). Activation of intracellular CB1
receptors releases calcium from endoplasmic reticulum and lys-
osomal calcium stores. In addition, our results support a novel
role for nicotinic acid-adenine dinucleotide phosphate in can-
nabinoid-induced calcium signaling.

Although most studies on the cannabinoid type 1 (CB1)3
receptor have focused on its localization to the plasma mem-
brane, increasing evidence suggests that not only are CB1
receptors highly expressed in intracellular compartments but
also that these intracellular receptors are functional. An early
study in N18TG2 neuroblastoma cells demonstrated localiza-
tion of CB1 receptors to nuclear membranes in cells not treated
with agonists (1). More recent studies have suggested that the
CB1 receptor undergoes constitutive endocytosis in both neu-
rons and transfected cells (2–4). Rozenfeld and Devi (5) found
that themajority of the endogenous CB1 receptors do not reach

the cell surface but are instead associated with endosomal and
lysosomal compartments. They further demonstrated that,
during trafficking, the lysosomal CB1 receptors may interact
with G�i proteins. Another recent report indicated that the
intracellular pool of CB1 receptors does not contribute to cell-
surface repopulation (6), and thus, it may have a distinct yet
unknown function from the membrane CB1 receptors.
Most previous studies examining cannabinoids, including

anandamide, have demonstrated a nonspecific effect in that
non-transfected cells also showed a calcium response (7, 8).
One study showed that only the indole derivativeWIN55,212-2
was able to increase intracellular calcium via CB1 receptor cou-
pling to Gq/11 proteins (9). Many studies have shown that can-
nabinoids can inhibit a voltage-sensitive calcium channel pres-
ent in neurons and neuroblastoma cells (e.g.Refs. 7, 10, and 11).
In this study, we show that anandamide increases intracellular
calcium concentration but only when injected in CB1 receptor-
transfected HEK293 cells and NG108-15 neuroblastoma � gli-
oma cells and provide evidence that intracellular CB1 receptors
are functional.

EXPERIMENTAL PROCEDURES

Cell Culture—CB1 receptor-transfected HEK293 cells have
been described previously (12). Briefly, stably transfected
HEK293 cell lines were created by transfection with human
CB1-pcDNA3 using Lipofectamine reagent (Invitrogen) and
selected in DMEM containing G418 (Geneticin; 1 mg/ml) and
10% fetal calf serum at 37 °C in a 5%CO2 incubator. Colonies of
�500 cells were picked (�2 weeks post-transfection) and
allowed to expand and thenwere tested for expression of recep-
tor by immunostaining. Cell lines containingmoderate-to-high
levels of receptor expression were tested for receptor-binding
properties. The cell line was maintained in DMEM and 10%
fetal calf serum with 0.7 mg/ml G418 at 37 °C in a 5% CO2
incubator. NG108-15 cells (mouse neuroblastoma � rat gli-
oma) were cultured in DMEM without sodium pyruvate, 10%
fetal bovine serum, 0.1 mM hypoxanthine, 400 nM aminopterin,
and 0.016% thymidine as suggested by the manufacturer
(American Type Culture Collection, Manassas, VA).
Calcium Imaging—Intracellular Ca2� measurements were

performed as described previously (13, 14). Briefly, cells were
incubated with 5 �M fura-2/AM (Invitrogen) in Hanks’ bal-
anced salt solution at room temperature for 45 min in the dark,
washed three times with dye-free buffer, and incubated for
another 45 min to allow for complete de-esterification of the
dye. Coverslips (25-mm diameter) were subsequently mounted
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in an open bath chamber (RP-40LP, Warner Instruments,
Hamden, CT) on the stage of an inverted microscope (Nikon
Eclipse TiE, Optical Apparatus Co., Ardmore, PA). The micro-
scope was equipped with a Perfect Focus System and a Photo-
metrics CoolSNAP HQ2 CCD camera (Roper Scientific and
Optical Apparatus Co.). During the experiments, the Perfect
Focus System was activated. Fura-2/AM fluorescence (emis-
sion � 510 nm) following alternate excitation at 340 and 380
nm was acquired at a frequency of 0.25 Hz. Images were
acquired and analyzed using Nikon NIS-Elements AR 3.1 soft-
ware (Optical Apparatus Co.). The ratio of the fluorescence
signals (340/380 nm) was converted to Ca2� concentrations
(15). In Ca2�-free experiments, CaCl2 was omitted, and 2.5 mM

EGTA was added.
Intracellular Microinjection—Injections were performed

using Femtotips II, InjectMan NI 2, and FemtoJet systems
(Eppendorf) as described previously (13, 14). Pipettes were
back-filled with an intracellular solution composed of 110 mM

KCl, 10mMNaCl, and 20mMHEPES (pH 7.2) or the drugs to be
studied. The injection time was 0.4 s at 60 hectopascals with a
compensation pressure of 20 hectopascals to ensure that�0.1%
of the cell volume was microinjected.
Immunocytochemistry—HEK293 cells were transfected with

CB1-GFP cDNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were fixed
in 4% paraformaldehyde for 20 min at room temperature and
processed for LAMP-1 (lysosome-associated membrane pro-
tein 1) (16) immunoreactivity. Cells were washed three times
with PBS and then permeabilized with 0.5% Triton X-100 in
PBS for 10 min. Cells were blocked with 3% BSA in PBS for 30

min and incubated with LAMP-1 (mouse IgG, 1:500 dilution;
Developmental Studies Hybridoma Bank, University of Iowa,
Iowa City, IA) for 2 h at room temperature. Cells were washed
three times with PBS and then incubated with Alexa 568-la-
beled goat anti-mouse antibodies (1:2000 dilution; Molecular
Probes, Eugene, OR) for 1 h. After washing three times with
PBS, cells weremountedwithDAPI FluoromountG (Southern-
Biotech, Birmingham,AL) and examined under a confocal laser
scanning microscope (Leica TCS SP5) with excitation wave-
lengths set to 405 nm forDAPI, 488 nm forGFP, and 561 nm for
Alexa 568 in the sequential mode.

RESULTS

Intracellular but Not Extracellular Administration of Anan-
damide Increases Cytosolic Ca2� Concentration in Cells Ex-
pressing CB1 Receptors—HEK293 cells stably expressing the
human CB1 receptor (12) were examined for their responses to
anandamide; non-transfectedHEK293 cells served as a control.
We also tested the responses to anandamide inNG108-15 cells,
which endogenously express CB1 but not CB2 receptors (17).
The basal cytosolic Ca2� concentration ([Ca2�]i) was 65 � 0.6
nM (n � 124) in CB1 receptor-expressing HEK293 cells, 66 �
0.8 nM (n � 75) in non-transfected HEK293 cells, and 64 � 0.7
nM (n � 84) in NG108-15 cells. Extracellular administration of
anandamide did not produce a significant increase in [Ca2�]i,
whereas the cells responded to ATP (10 �M) administration by
an increase in [Ca2�]i of 599 � 34 nM (n � 46) (Fig. 1). The
response toATPwas used as proof of integrity ofGq-dependent
pathways in these cells, as HEK293 cells endogenously express
P2Y receptors (18). Similar results were obtained when anand-

FIGURE 1. Extracellular administration of ATP but not anandamide increases [Ca2�]i in CB1 receptor-transfected HEK293 cells. A, fluorescent images of
fura-2/AM-loaded CB1 receptor-transfected HEK293 cells illustrating the levels of basal [Ca2�]i (left panel) and during administration of anandamide (ANA; 100
nM; middle panel) or ATP (10 �M; right panel). Low levels of [Ca2�]i are seen as blue fluorescence and higher levels as green and red fluorescence. B, averaged Ca2�

responses to anandamide (first arrow) or ATP (second arrow) from n � 46 cells. C, comparison of the amplitude of Ca2� responses produced by extracellular
administration of anandamide or ATP. *, p � 0.05 compared with basal [Ca2�]i.
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amide was extracellularly administered to non-transfected
HEK293 cells (supplemental Fig. 1).

Anandamide (10, 100, and 1000 nM) administered by intra-
cellular injection produced concentration-dependent increases
in [Ca2�]i of 126� 22, 567� 76, and 854� 212 nM, respectively
(n � 6 for each concentration tested). The Ca2� response to
intracellular administration of anandamide was fast, robust,
and transitory, similar to that induced by the injection of sec-
ondmessengers (see Fig. 5). Fig. 2 shows examples of represent-
ative experiments (A andB) and the dose-response relationship
(C and D). The effect was CB1 receptor-specific, as pretreat-

ment with SR141716A (1 �M, 15 min), a CB1 receptor antago-
nist (19), prevented the anandamide-induced increase in
[Ca2�]i (Fig. 2, C and D). Moreover, intracellular injection of
anandamide in non-transfected HEK293 cells did not produce
an increase in [Ca2�]i higher than the control injection (supple-
mental Fig. 2).
Functional CB1 Receptors Are Localized on Lysosomes—The

increase in [Ca2�]i produced by intracellular administration of
anandamide was markedly reduced by pretreatment with bafi-
lomycin A1 (1�M, 1 h), a blocker of lysosomal Ca2� release, but
was not affected by pretreatment with brefeldin A (10 �M, 1 h),

FIGURE 2. Intracellular administration of anandamide increases [Ca2�]i in CB1 receptor-expressing HEK293 cells. A and B, fluorescent images of fura-2/
AM-loaded CB1 receptor-transfected HEK293 cells illustrating the levels of [Ca2�]i before injection (left panels), during control or anandamide (ANA; 100 nM)
injection (middle panels), and 6 min after injection (right panels). Low levels of [Ca2�]i are seen as blue fluorescence and higher levels as green and red
fluorescence. The arrows indicate the injected cells. C, intracellular administration of anandamide (10, 100, and 1000 nM) produced a fast, robust, and transitory
increase in [Ca2�]i that was concentration-dependent. Averaged traces from six experiments are shown. Pretreatment with the CB1 receptor antagonist
SR141716A (SR) abolished the response to anandamide. D, comparison of the increases in [Ca2�]i produced by different concentrations (10 –1000 nM) of
anandamide in the absence or presence of the antagonist. *, p � 0.05 compared with the control; **, p � 0.05 compared with anandamide (100 nM).
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which disrupts the Golgi apparatus (Fig. 3, A and B). In cells
pretreated with brefeldin A, anandamide (100 nM) increased
[Ca2�]i by 579 � 71 nM (n � 6), whereas pretreatment with
bafilomycin A1 markedly reduced the response to anandamide
to 37� 14 nM (Fig. 3B). BafilomycinA1, aV-typeATPase inhib-
itor (20), blocks the release of Ca2� from lysosome-like acidic
stores in a variety of other cell types (21–25). In CB1-GFP-
transfectedHEK293 cells, inwhich lysosomeswere labeledwith
LAMP-1 (16), intracellular CB1 receptors were colocalizedwith
lysosomes (Fig. 3, C–F).
CB1 Receptor-expressing HEK293 Cells Have Functional

Internal Calcium Stores—In Ca2�-free EGTA (2.5 mM)-con-
taining Hanks’ balanced salt solution, thapsigargin (1 �M),
a sarcoplasmic/endoplasmic reticulum ATPase inhibitor,
increased [Ca2�]i (Fig. 4). Adding monensin (50 �M) on the
plateau of the thapsigargin-induced response produced a sup-
plemental increase in [Ca2�]i (Fig. 4). These results indicate
thatHEK293 cells stably transfectedwith the CB1 receptor pos-
sess both endoplasmic reticulum and lysosomal Ca2� stores.

Nicotinic acid-adenine dinucleotide phosphate (NAADP)
is a second messenger that releases Ca2� from lysosomes
(26), whereas inositol 1,4,5-trisphosphate (IP3) releases
Ca2� from the endoplasmic reticulum via IP3 receptor acti-
vation (27). Intracellular administration of NAADP (50 nM)
produced a fast and transitory increase in [Ca2�]i of 296� 54
nM (n � 6) that was prevented by pretreatment with Ned-19

(5 �M, 15 min), an inhibitor of NAADP signaling (28). Intra-
cellular injection of IP3 (50 nM) increased [Ca2�]i by 511 �
41 nM; co-administration of IP3 and heparin (100 �g/ml) in
cells pretreated with xestospongin C (10 �M, 15 min) did not
increase [Ca2�]i (Fig. 5).

FIGURE 3. Functional CB1 receptors are located in lysosomes. A, pretreatment with bafilomycin A1 (1 �M, 1 h; Œ) but not with brefeldin A (10 �M, 1 h; E)
prevented the anandamide (ANA)-induced Ca2� increase (F). B, comparison of the increases in [Ca2�]i produced by the intracellular injection of anandamide
in cells without pretreatment (first bar) or pretreated with brefeldin A (second bar) or bafilomycin A1 (third bar). *, p � 0.05 compared with anandamide (100 nM).
C–F, confocal images of CB1-GFP-expressing HEK293 cells (C). The lysosomes were labeled with LAMP-1-Alexa 568 (D), and the nucleus was labeled with DAPI
(E). In the overlay image (F), the colocalization of intracellular CB1 receptors with lysosomes is seen as orange fluorescence.

FIGURE 4. Evaluation of endoplasmic reticulum and lysosomal Ca2�

stores in HEK293 cells. HEK293 cells have both thapsigargin-sensitive and
monensin-sensitive internal Ca2� stores. Administration of thapsigargin (first
arrow) or monensin (second arrow) increased [Ca2�]i, indicating the presence
of endoplasmic reticulum and lysosomal Ca2� stores in CB1 receptor-trans-
fected HEK293 cells.
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Activation of the CB1 Receptor Releases Ca2� from Lysosomes
and the Endoplasmic Reticulum—In Ca2�-free saline, intracel-
lular injection of anandamide (100 nM) increased [Ca2�]i by
572 � 55 nM (n � 6; versus by 567 � 76 nM in regular Ca2�-
containing Hanks’ balanced salt solution). In cells pretreated
with Ned-19 (5 �M, 15 min), intracellular injection of anand-
amide (100 nM) produced an increase in [Ca2�]i of 387� 31 nM
(n � 6), which was lower than that produced by anandamide in

untreated cells (567 � 76 nM) (Fig. 6, B andD). The response to
anandamide was reduced by blocking IP3 receptors with xesto-
spongin C and heparin (133 � 29 nM, n � 6) (Fig. 6C) and
abolished when the Ca2� release from both NAADP- and IP3-
sensitive Ca2� stores was blocked (Fig. 6,C andD). Because the
amplitude of theCa2� response to anandamidewas higher than
that accounted for by the NAADP-dependent and IP3-depen-
dent Ca2� release together, a Ca2�-induced Ca2� release

FIGURE 5. NAADP- and IP3-dependent Ca2� release in HEK293 cells. A, intracellular administration of Ca2�-mobilizing second messengers NAADP (50 nM)
and IP3 (50 nM) produced a fast, robust, and transitory increase in [Ca2�]i, which was prevented by pretreatment with the antagonists Ned-19 and xestospongin
C (XeC) and heparin, respectively. B, comparison of the amplitude of [Ca2�]i increases produced by NAADP and IP3 in the absence or presence of their specific
antagonists. *, p � 0.05 compared with the control; **, p � 0.05 compared with the corresponding agonist.

FIGURE 6. Activation of CB1 receptor by anandamide involves NAADP and IP3-dependent Ca2� pathways. A–C, averaged Ca2� responses (n � 6) to
intracellular injection of anandamide (ANA) in Ca2�-free saline (A) and in the presence of the indicated antagonists of the NAADP-dependent (B) and IP3-de-
pendent (C) Ca2� pathways. The arrows indicate the injection of anandamide. The response to anandamide was reduced by blocking NAADP signaling with
Ned-19, IP3 receptor antagonists (xestospongin C (XeC) and heparin), and a PLC inhibitor (U73122) and abolished by blocking both NAADP- and IP3-dependent
Ca2� release. D, comparison of the amplitude of the [Ca2�]i increases produced by anandamide in regular Ca2� and Ca2�-free saline and in the presence of the
indicated antagonists. *, p � 0.05 compared with anandamide (100 nM); **, p � 0.05 compared with anandamide and Ned-19 � anandamide; ***, p � 0.05
compared with anandamide � xestospongin C � heparin or with U73122 � anandamide.
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mechanism is likely responsible for the difference. In addition,
pretreatment with U73122, a phospholipase C (PLC) inhibitor
(29), reduced but did not abolish the Ca2� response to anand-
amide (Fig. 6C).
Next, to validate our results obtained in CB1 receptor-trans-

fected cells in endogenously expressing cells, we carried out
calcium imaging experiments in NG108-15 cells, which endog-
enously express CB1 but not CB2 receptors (17). In NG108-15
cells, extracellular administration of anandamide did not pro-
duce a significant increase in [Ca2�]i, whereas the administra-
tion of ATP (10 �M) increased [Ca2�]i by 432 � 57 nM (n � 52)
(Fig. 7).
In NG108-15 cells, intracellular injection of anandamide

(100 nM) produced a fast, robust, and transitory increase in
[Ca2�]i of 356 � 30 nM (n � 6). Examples of representative
experiments are shown in Fig. 8 (A–C). Pretreatment with the
CB1 receptor antagonist SR141716A (1 �M, 15 min) (19) mark-
edly decreased the response to anandamide (Fig. 8, C and D),
supporting a CB1 receptor-specific effect.

DISCUSSION

Endocannabinoids are lipid messengers generated intracel-
lularly; they cannot be stored in vesicles (30, 31). As a result,
they may target intracellular or extracellular cannabinoid
receptors from the same cells or in neighboring cells. On the
basis of the fact that other G protein-coupled receptors such as
those for angiotensin II (32, 33) are active when stimulated
from inside the cells, we tested whether or not CB1 receptors
can be activated intracellularly. We addressed this question in
cells stably transfected with or endogenously expressing CB1

receptors by monitoring the [Ca2�]i of fura-2/AM-loaded cells
in response to extracellular and intracellular administration of
anandamide.
Although extracellular administration of anandamide did

not enhance [Ca2�]i, intracellular injection of anandamide elic-
ited a dose-dependent increase in [Ca2�]i, supporting a func-
tional intracellular location of CB1 receptors. The anandamide-
induced [Ca2�]i increase was absent after pretreatment with a
CB1 receptor antagonist or in cells lacking the CB1 receptor
(non-transfected HEK293 cells), further supporting the speci-
ficity of the response.
The next series of experiments were designed to characterize

the intracellular localization of functional CB1 receptors. Pre-
vious reports suggested the association of CB1 receptors with
endolysosomal compartments (5, 6). The Golgi apparatus has
also been involved in receptor internalization. To test which of
these organelles are involved,we disrupted lysosomeswith bafi-
lomycin A1 or the Golgi apparatus with brefeldin A. Pretreat-
ment with bafilomycin A1 markedly reduced the response to
anandamide, whereas brefeldin A did not significantly affect it;
these results indicate a critical role for acid-filled lysosomal
Ca2� stores in the anandamide-induced increase in [Ca2�]i and
suggest the localization of CB1 receptors on endolysosomes.
We also sought morphological evidence for localization of CB1
receptors on lysosomes labeled with LAMP-1 and found that
intracellular CB1 receptors are indeed localized on lysosomes in
CB1-GFP-transfected HEK293 cells.

Next, we examined the presence of endoplasmic reticu-
lum and lysosomal Ca2� stores in CB1 receptor-transfected

FIGURE 7. Extracellular administration of ATP but not anandamide increases [Ca2�]i in NG108-15 cells. A, fluorescent images of fura-2/AM-loaded
NG108-15 cells, which endogenously express CB1 receptors, illustrating the levels of basal [Ca2�]i (left panel) and during administration of anandamide (ANA;
100 nM; middle panel) or ATP (10 �M; right panel). Low levels of [Ca2�]i are seen as blue fluorescence and higher levels as green and red fluorescence. B, averaged
Ca2� responses to anandamide (first arrow) or ATP (second arrow) from n � 52 cells. C, comparison of the amplitude of Ca2� responses produced by extracel-
lular administration of anandamide or ATP. *, p � 0.05 compared with basal [Ca2�]i.
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HEK293 cells. In Ca2�-free Hanks’ balanced salt solution sup-
plemented with the Ca2� chelator EGTA, thapsigargin (a sar-
coplasmic/endoplasmic reticulumATPase inhibitor) produced
an increase in [Ca2�]i. Monensin, which collapses pH gradients
across acidic organelles (34), added on the plateau of the thap-
sigargin-induced response produced a supplemental increase
in [Ca2�]i. These results indicate that both endoplasmic retic-
ulum and lysosomal Ca2� stores are present in CB1 receptor-
transfected HEK293 cells.
The anandamide-induced [Ca2�]i increase was not affected

when experimentswere carried out inCa2�-free saline, indicat-
ing that Ca2� influx is not involved in this response.We further
characterized the involvement of intracellular stores in the
anandamide-induced [Ca2�]i increase. NAADP, a potent
Ca2�-mobilizing second messenger, releases Ca2� from acidic
lysosome-like Ca2� stores via recently identified two-pore
channels (13, 35–37). Intracellular injection of NAADP ele-
vated [Ca2�]i; the response was blocked by pretreatment with
Ned-19, a specific inhibitor of NAADP signaling (28). IP3
releases Ca2� from the endoplasmic reticulum via IP3 recep-

tors, well characterizedCa2� channels located on the endoplas-
mic reticulum (27). The increase in [Ca2�]i produced by intra-
cellular injection of IP3 was blocked by xestospongin C and
heparin, antagonists of IP3 receptors.

Having established that lysosomes and the endoplasmic
reticulum are not only present but also functional in CB1 recep-
tor-transfected HEK293 cells, we assessed their involvement in
the Ca2�-mobilizing effect of anandamide.We used two differ-
ent approaches to assess the role of lysosomes. Besides disrupt-
ing the lysosomes with bafilomycin A1, we assessed also the
effect of Ned-19, which blocks the NAADP-dependent lyso-
somal Ca2� release without disrupting the lysosomes. Pretreat-
ment with Ned-19 reduced the anandamide-induced Ca2�

response to a lesser extent than bafilomycin A1. The differ-
ence in the magnitude of the Ca2� responses to anandamide
in the presence of bafilomycin A1 and Ned-19 reflects the
different mechanisms employed by these two agents in inter-
fering with the lysosomal Ca2� release; it also indicates that
intact lysosomes are important for the anandamide-induced
Ca2� responses. These results support the involvement of

FIGURE 8. Intracellular administration of anandamide increases [Ca2�]i in NG108-15 cells. A and B, fluorescent images of fura-2/AM-loaded-NG108-15
cells illustrating the levels of basal [Ca2�]i (left panels), during control or anandamide (ANA; 100 nM) injection (middle panels), and 6 min after injection (right
panels). Low levels of [Ca2�]i are seen as blue fluorescence and higher levels as green and red fluorescence. The arrows indicate the injected cells. C, intracellular
administration of anandamide (100 nM) produced a fast, robust, and transitory increase in [Ca2�]i. Averaged traces from six experiments are shown. Pretreat-
ment with the CB1 receptor antagonist SR141716A (SR) markedly reduced the response to anandamide. D, comparison of the increases in [Ca2�]i produced by
control injection (black bar) and anandamide (100 nM) in the absence (dark blue column) or presence (white column) of the antagonist. *, p � 0.05 compared with
the control; **, p � 0.05 compared with anandamide (100 nM).
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NAADP-dependent lysosomal Ca2� stores in the response
to anandamide.
As earlier reports indicated that CB1 receptor coupling to

Gq/11 proteins may increase [Ca2�]i (9), we tested whether the
PLC-IP3 pathway is involved in the effect of anandamide in CB1
receptor-transfected HEK cells. Pretreatment with U73122, a
PLC inhibitor (29), reduced but did not abolish the anand-
amide-induced increase in [Ca2�]i. The response was similar to
that produced by anandamide in the presence of the IP3 recep-
tor antagonists xestospongin C and heparin and indicates the
involvement of the PLC-IP3 pathway, as reported previously
(29). The amplitude of the increase in [Ca2�]i produced by
anandamide was higher than the sum of the NAADP-depen-
dent and IP3-dependent Ca2� release, thus suggesting the par-
ticipation of a Ca2�-induced Ca2� release mechanism in this
response. Similarly, activation of NAADP receptors has been
associated with the recruitment of inositol trisphosphate
and/or ryanodine receptors via Ca2�-induced Ca2� release
(38–43). However, because HEK293 cells lack ryanodine
receptors (44), we suggest the involvement of the IP3 receptor
and a Ca2�-induced Ca2� release mechanism.

Several studies have revealed the presence of intracellular CB1
receptors, including one showing functional CB1 receptors in
endolysosomes (reviewed in Ref. 45). Moreover, a recent study
indicated that the intracellularpoolofCB1 receptorsdoesnot con-
tribute to repopulation of membrane receptors (6), and thus, it
may have a distinct function from themembrane CB1 receptors.
Immunogold labeling studies have demonstrated the pres-

ence of CB1 receptors intracellularly in axons of the basal gan-
glia (46) and locus coeruleus (47). Thus, if these intracellular
receptors are active, they could play important roles in neuro-
nal signaling. This is also supported by our novel finding that
anandamide activates NAADP-dependent Ca2� pathways.
NAADP has been implicated in important neuronal functions,
such as neurosecretion (48, 49), neurite outgrowth (42), neuro-
nal differentiation (23), and membrane depolarization (50).
In sum, our findings indicate that intracellular CB1 receptors

are functional and that their activationmobilizesCa2� from the
endoplasmic reticulum and lysosomes; the proposed model is
summarized in Fig. 9. We have also reported, for the first time,
a role for NAADP in cannabinoid-induced Ca2� signaling.

Acknowledgments—Ned-19 was a kind gift from Dr. Grant C.
Churchill (Oxford University). We thank Dr. Churchill for helpful
discussion and Dr. Patrick Piggot (Temple University) for facilitating
access to the confocal microscope. The CB1-GFP cDNA was kindly
provided byDrs. Larry S. Barak andMarcG.Caron (DukeUniversity)
The anti-LAMP-1 antibody, developed by J. Thomas August and
James E. K. Hildreth, was obtained from the Developmental Studies
Hybridoma Bank, developed under the auspices of NICHD, National
Institutes of Health, and maintained by the Department of Biology,
University of Iowa.

REFERENCES
1. McIntosh, H. H., Song, C., andHowlett, A. C. (1998)Brain Res.Mol. Brain

Res. 53, 163–173
2. Leterrier, C., Bonnard, D., Carrel, D., Rossier, J., and Lenkei, Z. (2004)

J. Biol. Chem. 279, 36013–36021
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